Recombination during meiosis increases genetic diversity, but it can be argued that its central purpose is to promote accurate segregation of homologous chromosomes for the generation of haploid gametes (Hunter 2007) . During meiosis, programmed DNA double-strand breaks (DSBs) are introduced throughout the genome, repair of which leads to interhomolog recombination. Thus, meiotic cells incur substantial self-inflicted DNA damage, which has few parallels. Meiotic DSB repair is remarkably robust, having co-opted and elaborated existing DSB repair mechanisms, which exist in every cell to repair spontaneous DNA damage.
Interhomolog recombination is essential during meiosis because it leads to the formation of crossovers (COs), which are required for the accurate disjunction of homologs during the reductional phase of meiosis (Fig. 1) . COs, in conjunction with sister chromatid cohesion, provide the connections between homologs to allow them to align at the metaphase plate. Thus, as in mitotic divisions with sister chromatids, homolog pairs in meiosis are stably joined to allow them to be coordinately captured by both spindle poles (Fig. 1A) . With the release of sister chromatid cohesion, recombinant homologs segregate to opposite poles (Fig. 1B) , halving the genome content. A failure to form COs results in the inability of homolog pairs to align at the metaphase plate, preventing proper segregation (Fig. 1C,D) . The complete absence of COs is a catastrophic event that can lead to cell death, whereas the absence of a CO from a single homolog pair often leads to aneuploidy, which is the leading cause of spontaneous miscarriage and developmental defects in humans (Hassold et al. 2007 ). The identification of proteins involved in meiotic DSB formation and repair are therefore critical for our understanding of homologous recombination and the causes of infertility. This perspective focuses on proteins involved in meiotic DSB formation, highlighting the recent discovery of the long-sought-after orthologs of the yeast Mei4 and Rec114 (Kumar et al. 2010 ).
Meiotic recombination mechanisms
Meiotic recombination mechanisms have been inferred primarily from studies in budding yeast (Bishop and Zickler 2004; Baudat and de Massy 2007; Hunter 2007; Keeney 2007) . DSBs are introduced by the Spo11 protein, and once Spo11 is removed from DNA, the 59 ends are resected to generate 39 single-stranded tails (Fig. 2) . The ssDNA is bound by RecA family members (Rad51 and Dmc1), creating nucleoprotein filaments for strand invasion of the homologous duplex (Chen et al. 2008; San Filippo et al. 2008) . Repair synthesis occurs from the 39 end in this displacement loop (D-loop). In the canonical DSB repair (DSBR) model, the other DNA end is ''captured'' by the D-loop, forming a double Holliday junction (dHJ), which has been observed in molecular assays. Resolution of the dHJ generates COs, with reciprocal exchange of flanking markers. Noncrossovers (NCOs) contain a gene conversion tract without exchange of flanking markers, and theoretically could also be generated from resolution of dHJs. However, NCOs are formed primarily by a different mechanism, as evidenced by their distinct genetic requirements, intermediates, and timing. NCOs instead appear to arise from synthesis-dependent strand annealing (SDSA), in which the extended 39 end is expelled from the D-loop to anneal with the other end of the DSB (Paques and Haber 1999; McMahill et al. 2007) .
In mitotically dividing cells, recombination reactions strongly favor use of the sister chromatid as the template for DSB repair (Paques and Haber 1999; Moynahan and Jasin 2010) . During meiosis, in contrast, use of the homolog is favored over use of the sister chromatid, in keeping with the essential role that recombination plays in connecting homologs to one another (Hunter 2007) . A twist on the canonical DSBR model has been proposed recently, in which both 39 ends of a DSB simultaneously invade different homologous duplexes, resulting in repair synthesis from both (Hunter 2007) . The simultaneous invasion of two homologous duplexes is possible because recombination occurs at the four-chromatid stage (two sister chromatids for each homolog) (not shown in Fig. 2) . Thus, this model suggests that a single DSB could productively engage both the homolog and its sister chromatid, which provides an intriguing challenge to the view that there is a strict dichotomy between interhomolog and intersister recombination.
While each chromosome requires at least one CO to ensure accurate segregation in meiosis I, interhomolog NCOs are presumed to predominate in number compared with COs (Baudat and de Massy 2007; Martinez-Perez and Colaiacovo 2009) . This is particularly true in mammals, where, for example, mouse spermatocytes are estimated to average ;200-300 DSBs and ;23-24 COs per meiosis, implying that NCOs outnumber COs by a factor of 10 to one. The excess of NCOs likely reflects a requirement for multiple interhomolog interactions to mediate pairing between homologs.
DSB formation and Spo11 removal
During meiosis, Spo11 catalyzes phosphodiester cleavage, but a suite of additional proteins-nine in budding yeast-is required for Spo11 to act. Furthermore, once DSB formation occurs, Spo11 is nucleolytically removed from DNA, requiring at least one additional factor. The remainder of this perspective will focus on these steps-DSB formation and Spo11 removal-and the proteins involved in the process.
Spo11: a transesterase
Spo11 was identified as the catalytic component required for meiotic DSB formation in yeast by two independent groups, both of which relied on the observation that unresected meiotic DSBs accumulate in a rad50S mutant (Bergerat et al. 1997; Keeney et al. 1997) . In this mutant, a protein is covalently bound to the DNA ends, suggesting a transesterase mechanism for DSB formation, such as with topoisomerases, rather than simple hydrolytic cleavage of DNA. Homology between Spo11 and a type II archaeal topoisomerase, together with identification of a critical tyrosine residue for DSB formation, led to the prediction that Spo11 was the protein bound to DNA ends in the rad50S mutant (Bergerat et al. 1997) . Direct demonstration of this prediction was simultaneously provided by purification of Spo11-DNA complexes (Keeney et al. 1997) .
Spo11 cleaves DNA through a nucleolytic attack to generate a 59 phosphotyrosyl bond and a 39 hydroxyl. Rather than simply reversing the reaction to reseal the DNA, as with topoisomerases, Spo11 is trapped on the DNA. By analogy with the archaeal topoisomerase, Spo11 functions as a homodimer in which each active site is made up of residues from both subunits (Nichols et al. 1999) . In yeast, Spo11 apparently cleaves DNA to leave a 2-nucleotide (nt) 59 overhang (Liu et al. 1995) , suggesting that the catalytic tyrosine from each subunit attacks adjacent base pairs on the two strands ( Fig. 2A-E ).
Spo11 removal from DNA
For DNA end resection to proceed, Spo11 must be removed from the DNA ends. Removal occurs by endonucleolytic cleavage several nucleotides downstream from the 59 end, releasing each Spo11 monomer bound to an oligonucleotide (Neale et al. 2005) . In some organisms, Spo11-associated oligonucleotides come in two size ranges, which in mouse are ;12-26 nt and 28-34 nt. Time courses in budding yeast demonstrate similar kinetics and levels for both size ranges, raising the possibility that each DSB is processed to release one Spo11 monomer with a small oligonucleotide and one with a long oligonucleotide (Neale et al. 2005) . Asymmetric cleavage is an attractive mechanism to differentiate the two DNA ends of a DSB for the next step of recombination: strand invasion (Neale et al. 2005) .
In budding and fission yeasts, endonucleolytic removal of Spo11 requires the nuclease activity of the Mre11-Rad50-Xrs2 (MRX) complex and its functional partner, Sae2/Ctp1 (Hunter 2007; Keeney 2007; Hartsuiker et al. 2009; Milman et al. 2009 ). These proteins play a more general role in the resection of mitotic DSBs (Mimitou and Symington 2009) , as well as having other functions, and in mice are essential during early development, precluding a determination of their role in mammalian meiosis.
Other proteins required for meiotic DSB formation
In several organisms, genetic screens have defined components required for meiotic DSB formation (Keeney 2007) . The most well-delineated pathway is that used by budding yeast where at least nine other proteins in addition to Spo11 are required (Hunter 2007; Keeney 2007) . Three of these comprise MRX, revealing a role for this complex in both promoting Spo11-generated DSBs and removing covalently bound Spo11 from DNA. The complex interacts with chromatin in a Spo11-independent manner, although its function in promoting DSB formation is unclear. In Caenorhabditis elegans as well, Rad-50 and Mre-11 are required for DSB formation in otherwise wild-type meiosis (Chin and Villeneuve 2001; Hayashi et al. 2007 ), but the MRX requirement in meiotic DSB formation is not conserved in other organisms that have been examined, despite the fact that Rad50 and Mre11 are present throughout evolution (Keeney 2007) .
The remaining Saccharomyces cerevisiae proteins required for DSB formation are meiotic-specific for expression (Mei4, Rec102, Rec104, and Rec114), splicing (Mer2), or nuclear localization (Ski8) (Keeney 2007) . Physical interactions between these proteins, their subnuclear localization, and the genetic dependence for that localization have defined a series of subgroups. Spo11/Ski8 associates with DSB hot spots throughout the genome on the chromatin loops, and can interact directly with a subgroup containing Rec102/Rec104, which is localized near hot spots and also on chromatin loops (Arora et al. 2004; Kee et al. 2004; Prieler et al. 2005) . These two subgroups are mutually dependent on each other for appropriate subnuclear localization. Mei4, Rec114, and Mer2 form another distinct subgroup that is thought to interact via Rec114 with the Rec102/Rec104 subgroup (Maleki et al. 2007 ). Finally, Xrs2 and Mer2 form a robust Of the seven meiotic-specific proteins required for DSB formation in budding yeast, only Spo11 has obvious evolutionary and functional conservation across multiple clades (Keeney 2007) . Indeed, in mammals, only SPO11 has been identified from this group (Baudat et al. 2000; Romanienko and Camerini-Otero 2000) . (MEI1, another protein required for DSB formation in mice, was discovered using a forward genetic screen [Libby et al. 2003 ], and appears to be conserved in Arabidopsis thaliana [De Muyt et al. 2007 ] but not in fungi.) This lack of clear orthologs for the S. cerevisiae proteins required for DSB formation could mean that these proteins do not exist in other clades, they exist but are not well-conserved, or, as is the case for Ski8, orthologs exist but are not required for DSB formation outside of fungi (Jolivet et al. 2006 ). Thus, although it is clear that Spo11-mediated DSBs initiate meiotic recombination in many organisms, the available data seemed to suggest that the process is fundamentally distinct in different organisms. Kumar et al. (2010) provide compelling evidence to the contrary, arguing that the same players are involved, but in disguise.
Evolutionary conservation of the DSB proteins MEI4 and REC114
In this issue of Genes & Development, Kumar et al. (2010) used a phylogenomic-oriented homology search and alignment along with secondary structure prediction analysis (Bourbon 2008) to screen the sequenced genomes of budding yeasts (Saccharomycetales) and fission yeasts (Schizosaccharomycetales) for orthologs to Mei4 and Rec114. Once orthologs were identified, primary structure alignments allowed Kumar et al. (2010) to identify several short stretches of more highly conserved sequence, termed signature sequence motifs (SSMs), several of which had been observed previously within Saccharomyces species (Maleki et al. 2007 ). Unlike prior analyses, however, Kumar et al. (2010) successfully leveraged these findings to identify Mei4 and Rec114 orthologs in other species, using the SSMs for iterative alignment while incorporating parameters for the relative spacing between SSMs, conservation of key amino acids, and secondary structure characteristics. Notably, orthologs were identified in humans and mice, but interestingly, not in several organisms that play key roles in meiosis research, including flies, worms, and Sordariales.
As the SSMs make up only ;20% of both proteins, the overall sequence identity and similarity is quite low. For example, in mice, the MEI4 and REC114 orthologs have only 8% and 6% identity with budding yeast, respectively. Given this poor sequence conservation, it is perhaps not surprising that this analysis also determined that previously identified proteins with meiotic functions were actually unrecognized orthologs of Mei4 and Rec114. For example, fission yeast Rec24 and Arabidopsis Prd2, both of which are required for DSB formation, are Mei4 orthologs.
Mouse MEI4 is a bona fide DSB protein
To conclusively demonstrate that these proteins are essential for DSB formation requires the analysis of mutant phenotypes. Kumar et al. (2010) therefore targeted the mouse Mei4 gene for disruption. Satisfyingly, Mei4-null mice showed the same phenotypes as Spo11-null mice (Baudat et al. 2000; Romanienko and Camerini-Otero 2000) . Namely, mice were viable but infertile, with males exhibiting small testes and epididymides devoid of sperm. Spermatocytes arrested during early meiotic prophase and showed high levels of apoptosis. Ovaries were also severely abnormal, showing a nearly complete loss of follicles at adulthood. In contrast, ovaries from juveniles had normal numbers of growing follicles, evidence that a portion of abnormal oocytes in these mice could escape attrition because of the lack of Spo11-mediated DNA damage .
Cytological analysis of meiotic chromosomes in spermatocytes also showed a similar phenotype as that observed for Spo11-null mice, including the absence of markers for DSB formation, including RAD51 and DMC1 foci (Baudat et al. 2000; Romanienko and Camerini-Otero 2000) . The formation of gH2AX was also dramatically reduced in early meiotic prophase, indicative of a lack of DSB formation (Mahadevaiah et al. 2001) , and, as has also been seen in Spo11-null mice , the formation of a pseudosex body with accumulated gH2AX was observed later in meiotic prophase. Finally, Kumar et al. (2010) provide evidence that mouse MEI4 and REC114 proteins interact physically with one another, as in yeasts (Arora et al. 2004; Li et al. 2006; Steiner et al. 2010) , arguing for functional conservation of Rec114 as well. Thus, Mei4-and probably Rec114-is evolutionarily conserved among yeast, plants, and mice, indicating that these proteins and their roles in meiotic recombination are almost a billion years old.
Rapid evolution of meiotic DSB proteins
Spo11 has evolutionarily constrained catalytic motifs that maintain a minimal level of sequence conservation and thus allow ready identification of orthologs throughout eukaryotic lineages, even though overall conservation is fairly low (e.g., 23% identity between yeast and mice) (Keeney 2007; Malik et al. 2007 ). In contrast, orthologs of the other meiosis-specific DSB proteins from S. cerevisiae have been very difficult (Mei4 and Rec114) or thus far impossible (Mer2, Rec102, and Rec104) to identify in other clades. In fact, these DSB proteins are among the most rapidly diverging of all cellular proteins (Richard et al. 2005; Keeney 2007 ). For example, Rec114 homologs in S. cerevisiae and its very close relative Saccharomyces paradoxus have only 73% amino acid identity (Keeney 2007) , much lower than even the overall nucleotide sequence identity between coding regions in these two species (>88%).
Why are meiotic DSB genes so highly diverged? One possibility is that this divergence reflects a tendency of reproductive genes to show more rapid evolution to block production of less vigorous hybrids due to incipient species (Swanson and Vacquier 2002) . Another possibility is suggested by consideration of exciting recent studies by several groups (Neale 2010) , including the same de Massy group (Baudat et al. 2010 ) featured in this perspective. These studies suggest that PRDM9, a histone H3-Lys 4 trimethyltransferase, binds to specific DNA sequences at many sites in the genome, targeting them for DSB formation. The zinc finger DNA-binding domain of PRDM9 undergoes remarkably rapid evolution, thereby conferring similarly rapid evolution on the array of sites to which SPO11-dependent DSB formation is targeted. Because DNA sequences are copied from the intact DNA duplex during DSB repair (Fig. 2) , there is a net transfer of genetic information during recombination in favor of the unbroken chromosome. As a consequence of this biased gene conversion, hot spots tend to extinguish themselves over long time scales (a phenomenon sometimes referred to as the ''hot spot paradox''). The ability of rapid changes in PRDM9 binding specificity to alter the landscape of meiotic recombination may confer a degree of evolutionary plasticity that counters hot spot extinction. Although the rapid divergence of PRDM9 is associated primarily with its DNA-binding domain, concerted coadaptation of other DSB proteins in response to Prdm9 mutation is conceivable. More generally, however, even for organisms (like budding yeast) that do not use an obviously PRDM9-like system involving a dedicated DNA sequence-specific DSB landscape architect, PRDM9 nevertheless provides a precedent for a rapidly evolving DNA hot spot determinant. Thus, the observed rapid changes of more integral components of the recombination initiation machinery, such as Mei4 and even Spo11 itself, may be a reflection of the same evolutionary pressures.
Insights from localization of MEI4 to chromosome axes in mice
Cytological data in many organisms demonstrate that DSB repair occurs in close juxtaposition with the axes (Kleckner 2006) , but in S. cerevisiae (and possibly in other organisms), DSB hot spots are located predominantly within the chromatin loops that emanate from axes rather than within the sequences thought to anchor the DNA to axes (Blat et al. 2002) . This apparent paradox has led to the proposal that recombination occurs within multiprotein complexes that tether DSB ends to the axes; such ''tethered loop-axis complexes'' are envisioned to provide a means to coordinate the nanometer-scale DNA events of recombination with the micrometer-scale structural rearrangements of meiotic chromosomes (Blat et al. 2002; Kleckner 2006) . In principle, tethering could occur at any of a number of points before, during, or after DSB formation (Kleckner 2006) , but the protein-protein interactions that coordinate DSB formation with chromosome axes remain unknown.
In this context, it is thus intriguing that Kumar et al. (2010) found MEI4 associated with the chromosome axes in a SPO11-independent manner. Rec7 (the Schizosaccharomyces pombe homolog of Rec114) has also been shown to be axis-associated (Lorenz et al. 2006 ). Mei4 and Rec114 in S. cerevisiae have been reported to at least partially localize to chromatin loops, but available data do not exclude an axis-associated fraction of these proteins (Maleki et al. 2007 ). To explain why mouse MEI4 is located at the axes prior to DSB formation and is completely required for DSB formation, Kumar et al. (2010) propose that DSBs are formed after the loop becomes tethered to the axis, with MEI4 providing part of the connection between the axis and the DNA sequence that will be broken. Additional data from yeast suggest further specific elements of this connection: Mei4 and Rec114 interact with Rec102/Rec104, which themselves interact with Spo11/Ski8 and are localized to chromatin loops at or near DSB hot spots, respectively (Arora et al. 2004; Kee et al. 2004; Prieler et al. 2005; Maleki et al. 2007 ). Furthermore, S. cerevisiae Rec114 and Mei4 proteins interact with Mer2, whose activities are influenced by cell cycle regulatory kinases Cdc28-Clb5/Clb6 and Cdc7-Dbf4 (Henderson et al. 2006; Sasanuma et al. 2008; Wan et al. 2008 ). Many of these interactions are also likely to be dynamic, such that, once a DSB is formed, the complexes rearrange and/or disassociate to allow repair proteins to mediate subsequent steps, or even to prevent multiple DSBs from occurring in close proximity. Such transience may explain the lack of colocalization between MEI4 and RAD51, DMC1, or RPA in mice (Kumar et al. 2010) .
In this view, the complex network of interactions among the DSB proteins allows for regulation of DSB formation both temporally (with respect to meiotic progression) and spatially (with respect to axis-loop organization). As Mer2, Rec102, and Rec104 are key components of this network in budding yeast, it remains an important challenge to identify their orthologs (or functional substitutes) in mammals, whether through similar phylogenomic techniques or via interaction with MEI4 and REC114. In any case, the newly revealed evolutionary conservation provided by the studies of Kumar et al. (2010) heightens interest in more detailed mechanistic investigation of these proteins and their functions in connecting DSB formation to chromosome axes.
